Background: Sequence similarity between related proteins is often too low to allow inference of function. Results: Applying phylogenetic networks to protein structural data improves resolution of deep evolutionary and functional relationships across the ferritin superfamily. Conclusion: Structure-based phylogenetic networks facilitate inference of protein phylogeny and function beyond the "twilight zone" of sequence similarity. Significance: Structural phylogenetics provides an important complement to sequence-based analyses.
In the postgenomic era, bioinformatic analysis of sequence similarity is an immensely powerful tool to gain insight into evolution and protein function. Over long evolutionary distances, however, sequence-based methods fail as the similarities become too low for phylogenetic analysis. Macromolecular structure generally appears better conserved than sequence, but clear models for how structure evolves over time are lacking. The exponential growth of three-dimensional structural information may allow novel structure-based methods to drastically extend the evolutionary time scales amenable to phylogenetics and functional classification of proteins. To this end, we analyzed 80 structures from the functionally diverse ferritin-like superfamily. Using evolutionary networks, we demonstrate that structural comparisons can delineate and discover groups of proteins beyond the "twilight zone" where sequence similarity does not allow evolutionary analysis, suggesting that considerable and useful evolutionary signal is preserved in three-dimensional structures.
Ever since Carl Linnaeus humbly stated, Deus creavit, Linnaeus disposuit, biologists have sought to organize biological entities into natural groupings. Following Darwin's recognition that evolution occurs through modification with descent, the most robust classification schemes have been based on evolutionary principles (1), and a major pursuit in modern biology is the systematic classification of biological species using molecular phylogenies (2) . With the emergence of high throughput methods of data collection in the molecular sciences, biology stands on the cusp of a flood of data that dwarfs previous attempts at cataloging the diversity of life. For instance, high throughput sequencing data generated by the Global Ocean Sampling program identified 61.2 million new proteins and 1700 new protein clusters with no sequence level similarities to known proteins (3) . However, structural genomics efforts reveal that of the Ͼ40% of proteins with no known function in public databases, approximately two-thirds show structural similarity to known proteins, despite no significant sequence similarities (4) . This suggests that, more than sequence, structure may provide the most productive way of categorizing the protein universe.
Several important databases exist that attempt to provide high level organization to the protein universe, including Pfam (5), which is sequence-based, and SCOP (6) and CATH (7) , which both use protein structural information. These databases all use measures of either sequence or structural similarity as a means of organizing proteins into families or superfamilies. Although these databases are invaluable in charting broad structural relationships, in many cases they offer conflicting classifications, and known evolutionary relationships between individual superfamily constituents are not included. To gain a better appreciation of this issue, we examined the classification of ferritin-like proteins across these three databases and sought to establish whether the application of phylogenetic methods to protein structural data (8 -10) can augment classification within a well sampled superfamily, rich in data on biological function of its members. We report that structural phylogenies of the ferritin-like superfamily recover informative relationships between superfamily members that reflect known evolutionary relationships and functional roles. We conclude that phylogenetic tools can provide an important complement to established structural classifications.
EXPERIMENTAL PROCEDURES
Structure Selection-Protein Data Bank codes for all solved structures in the ferritin-like superfamily in SCOP (6) release 1.75 (a.25.1) were downloaded, and one structure from each species in each protein group was selected. The half-ferritin SCOP family and the rubrerythrin-like protein from Sulfolobus tokodaii (Protein Data Bank code 1j30) were excluded because they form dimers where two helices from each monomer form the four-helix bundle and thus do not align with the other structures. In general, the highest resolution structure was chosen, unless it had mutations or other departures from the biologically active form, and a structure that was more similar to the biologically active form was present. In addition, we used the search capability of the SSM tool from EBI (11) to search for related proteins that were included in the analysis.
Three-dimensional Structural Alignment, Distance Measurement, and Construction of Phylogenetic Network-All of the structures were aligned against all other structures using the SSM tool from EBI (11) . For each pair of sequences, two alignments were retrieved, using either of the two sequences as query and the other as target, and the alignment with the best Q-score was chosen. Q-scores, like most other quality indicators of structural alignments, are similarity scores (take values between 0 and 1), i.e., they increase with similarity, whereas distances used in phylogenetic methods need to decrease with similarity. We constructed distances by calculating 1 minus Q-scores. The NeighborNet network (12) was constructed using SplitsTree 4 (13) .
The topological diagrams were constructed manually using the pairwise alignments as models. Proteins were chosen to illustrate the majority of topologies. To illustrate that the evolutionarily conserved parts of the substrate-oxidizing ferritinlike proteins (ribonucleotide small subunit (RNR R2s), 4 fatty acid desaturases (Fads), and bacterial multicomponent monooxygenases (BMMs, etc.)) extends beyond the four-helix bundle, we chose the mouse RNR R2 (1w68A) as a reference and identified with dashed blue boxes the parts of each structure that align well with 1w68A.
Our functional classification is based on the annotation of each protein in the Protein Data Bank entries of the individual proteins. In most cases the annotation in Protein Data Bank is clear, but especially in the Dps group, nomenclature is ambiguous with proteins known to be related to a Dps having another name. The classifications of Fads, RNR R2s, BMM ␣, and BMM ␤ subunits are in general detailed in the Protein Data Bank. We did not assess their correctness independently.
Multiple Alignment and Phylogeny of RNR R2-All unique NrdB and NrdF (subclass Ib) sequences were selected from the RNR database (14) and aligned using Muscle (15) . A phylogeny was estimated from the full alignment using the BioNJ (16) algorithm as implemented in SplitsTree 4.6 (13). Fig. 5 was produced with the Dendroscope tree viewer (17) .
Source File Deposition-Source files (Q-score matrix, SplitsTree network, pairwise three-dimensional alignment Jmol scripts, and Dendroscope RNR R2 tree) will be deposited in the data repository Dryad.
RESULTS

Current Classification of Ferritin-like Proteins across Major
Databases-The Ferritin-like superfamily is characterized by the presence of a common four-helix bundle, characterized by a crossover section between helices 2 and 3, resulting in a distinctive up-down-down-up arrangement of helices (Fig. 1) . Most ferritin-like proteins bind a pair of redox-active metal ions, at similar metal-binding sites coordinated by carboxylates and histidines in a shared fold (18) . Characterized members of the ferritin-like protein superfamily are known to perform four broad roles, spanning iron storage, oxygen and radical detoxification, substrate oxidation, and radical generation.
As summarized in Table 1 , the functions associated with characterized members of this superfamily are diverse (see also Ref. 19 for a recent review of the functional spectrum of ferritinlike proteins). However, the full diversity of functions known among characterized members of this superfamily is not reflected in the broad scale classifications in the SCOP, CATH and Pfam databases. By contrast, the low sequence similarities across this superfamily make it practical to generate sequencebased phylogenies only across subsets of the superfamily. Consequently, superfamilies such as this are missed by efforts to marry structural information with sequence-based phylogenies for superfamilies in or beyond the twilight zone of sequence similarity (20 -30% pairwise sequence identity) (20, 21) . We summarize briefly how these databases and phylogenies inform current classification of the ferritin-like superfamily.
The SCOP database (6) describes structural similarities between proteins, classifying proteins hierarchically based on solved three-dimensional structures. SCOP superfamilies contain protein families that are assumed to be evolutionarily related based on sequence and structural similarity and functional commonalities. The "Ferritin-like proteins" superfamily in SCOP contains nine individual families ( Table 2 ). The largest family, "ferritin," contains ferritins, bacterioferritins, and Dps proteins, plus a number of less well characterized proteins. The next largest family, "ribonucleotide reductase-like," contains the activating subunit of class I ribonucleotide reductases (RNR R2), BMMs, and Fads, plus a few poorly characterized proteins. The "manganese catalase family" is likewise a sizable family, whereas the other families are small and contain few solved structures, with few representatives of known function ( Table 2) .
The CATH database (7) also aims to classify proteins based on their three-dimensional structures. In CATH, ferritin-like proteins are classified into two distinct "topologies": "ferritin" and "ribonucleotide reductase, subunit A" (the CATH choice of "subunit A" as part of the name is unfortunate, because the letter A is more commonly used for the larger subunit of RNRs), each containing a single "homologous superfamily." CATH thus yields less structured information about relationships between individual proteins than SCOP.
Pfam is a protein domain classification database built on sequence similarity. There are 12 Pfam families containing ferritin-like proteins, with a number of sequences in each family. The families are collected in the "ferritin" clan, where a clan incorporates two or more families that appear homologous (5) . By and large, the classification in Pfam corresponds well with the SCOP classification ( Table 1 ). The most notable difference is that Pfam carries separate RNR R2 ("Ribonuc_red_sm"), BMM ("Phenol_Hydrox"), and Fad ("FA_desaturase_2") families, providing a somewhat clearer picture of functional divisions, at least of the substrate oxidizing group of ferritin-like proteins (Table 2) .
At the highest level (superfamily inclusion), the classification of the ferritin-like superfamily appears broadly consistent across these databases but does differ in the amount of information provided regarding the relationships and functions of superfamily constituents (Table 2) . Significantly, relationships within the superfamily do not capture either expected relationships based on function (Table 1) or on sequence-based phylogenetic trees (22) (23) (24) . For instance, none identify whether ferritins, bacterioferritins, and Dps proteins represent evolutionarily distinct proteins, and although Pfam separates the ribonucleotide reductase R2 family from BMMs (albeit with the somewhat misleading name "Phenol_Hydrox"), the division of BMM components into the paralogous ␣ and ␤ subunits (22) is not captured in Pfam.
Although the classification in all three databases is hierarchical, and broadly accurate, they do not encompass all levels of functional and evolutionary information, so in this respect, they provide only partial classifications. This extends to protein structure also; BMMs and RNR R2s are structurally more complex proteins than ferritins, but only the CATH classification recognizes these different topologies (SCOP places them in the same family), and although Pfam places them in different families, the Pfam classification does not provide any indication as to whether BMMs and RNR R2s are more closely related to one another than to other ferritin-like proteins.
Indeed, a potential drawback with existing database classification schemes is that all make use of predefined ranks (superfamilies and families in SCOP, clans and families in PFAM, and topology and homologous superfamily in CATH). In that biological entities do not evolve following a predefined scheme, biological relationships within protein superfamilies may be better described using a hierarchy without predefined ranks similar to what have been proposed for organismal taxonomy and nomenclature (see, for example, the PhyloCode website).
To examine whether evolutionary relationships between proteins can be accurately described using structural data, we generated phylogenies using three-dimensional structure alignments to examine whether both broad superfamily relationships and more fine scale functional groupings could be recovered for a protein superfamily with good protein structural coverage.
Structural Phylogenetic Network of Ferritin-like ProteinsSequence-based phylogeny has been central in establishing evolutionary relationships within and between protein families. However, in the case of the ferritin-like superfamily, the low degree of sequence similarity precludes the use of sequencebased analyses. We therefore sought to examine the phylogeny of the ferritin-like superfamily using a combination of structure-based alignment methods and traditional, sequence alignment-based phylogeny. Our data set consisted of 62 structures representing all structurally solved ferritin-like proteins in SCOP (version 1.75) and Pfam (version 24.0). We also added 18 ferritin-like proteins identified by the search function of SSM (11) . Each pair of three-dimensional structures was aligned using SSM. We chose Q-scores as distances between structurealigned pairs, because this takes both alignment length and alignment quality (root mean square deviation) into account (11) . From the Q-score-based pairwise distances, we constructed a phylogenetic network using the distance-based network method NeighborNet (12) (Fig. 2) instead of a standard distance-based tree building method, such as neighbor joining. If there is conflict in the distance matrix regarding which structures are most similar, some of that conflict will be visible in a network, but not in a tree. A network thus provides a more informative view of possible relationships.
It is immediately clear from the network in Fig. 2 that the broad outline of classification in SCOP, CATH, and Pfam is recovered through our structure-based phylogeny. The two large SCOP families, ferritins (Fig. 2, violet labels) and ribonucleotide reductase-like (Fig. 2, green labels) , form two separate FIGURE 2. Structure alignment based phylogenetic network of the ferritin-like superfamily. Structures were pairwise aligned using the SSM tool from EBI (14) , and quality scores (Q-scores) were transformed to distance measurements by subtraction of the Q-score from one to form the basis for this NeighborNet network (17) . SCOP families are indicated with colored labels (see inset legend), Pfam families are indicated with colored triangles near labels (see inset legend), related proteins are identified via the SSM tool from EBI (11) with black labels, and our functional classification are indicated with colored ellipses. Dimerization geometries for the three major groups are demarcated; proteins outside these groups either do not form dimers or form dimers with singleton geometries. Topology cartoons for a selection of important folds have been inset with the corresponding labels marked by dashed ellipses. The dashed boxes in the topologies indicate how much of the protein aligns well with mouse RNR R2 structure (1w68A). See Fig. 3 for a description of dimerization types.
groups in the network with smaller groups scattered mostly in the ferritin part of the network.
The Pfam family Ferritins (Fig. 2, violet triangles) is slightly better defined than the SCOP family (Fig. 2, violet labels) , which also includes four structures in the Pfam Rubrerythrin family (Fig. 2, yellow triangles: 1lkoA, 1yuzA, 2fzfA and 1vjxA) . None of the existing classifications subdivide ferritins into the three functional classes ferritins, bacterioferritins, and Dps (Fig. 2,  pink and violet ellipses) . In contrast, our structure-based network recovers them as likely clans (a possible monophyletic group in an unrooted phylogeny (26) ).
The SCOP family Ribonucleotide reductase-like (Fig. 2, green  labels) is very broad, and our network suggests clear subdivisions that correspond well with established functional groups such as Fads, RNR R2s, BMM ␣, and BMM ␤ (marked by separate ellipses in Fig. 2 ). In general, these functional groups are better classified in Pfam, where they form three families: FA_desaturases_2 (pink triangles), Ribonuc_red_sm (green triangles) and Phenol_Hydrox (brown triangles), than in SCOP, except that the Pfam family Phenol_Hydrox contains both the catalytic ␣ subunits, as well as the non-metal-binding ␤ subunits of BMMs.
Topology of Proteins Supports Network-To test the robustness of our phylogenetic network, we surveyed the dimerization geometries and analyzed the general topology of the proteins. Most ferritin-like proteins form dimers, although sometimes as parts of larger quaternary structures such as the 12-meric Dps proteins and 24-meric ferritins and bacterioferritins. Despite the almost infinite possible number of dimer interaction geometries, we find that the majority of dimeric ferritin-like proteins fall into three large groups (Fig. 3 shows an explanation of the three geometries). Dimerization geometry is remarkably conserved and confirms some of the major clans in our network, dimer geometry type 1 for RNR R2s and BMMs and type 2 for Fads (Fig. 2) . Only dimer geometry type 3 is paraphyletic, being a feature of two functional categories: ferritins, bacterioferritins, and Dps proteins on the one hand and manganese catalases on the other (Fig. 2) .
We next inspected all pairwise three-dimensional alignments manually to establish whether any regions outside the four-helix bundle show similarities to structures from distant parts of the network. Seven topological classes are shown in Fig.  2 . To qualitatively visualize the spatial extent of structural similarity in the more complex proteins, the RNR R2 from mouse (1w68A) was used as a reference structure (see "Experimental Procedures") and the portions that align well structurally to this are marked with dashed blue boxes (a larger selection of topological diagrams can be found in Fig. 4) . The qualitative assessment lends support to the subdivision of the SCOP ribonucleotide reductase-like family into separate Fad, RNR R2, BMM ␣, and BMM ␤ clans in our network (Fig. 2) . The differences between three-dimensional alignments of the smaller ferritin proteins (Ferritins, Bacterioferritins, and Dps) are too subtle to convey with topological diagrams.
There is a clear similarity between the tertiary structures of all subgroups of the SCOP family ribonucleotide reductase-like. All but three proteins (1otkA, 2oc5A, and 3ez0A) have N-terminal secondary structure elements that align at least partially to the mouse RNR R2 (1w68A), and parts of the structure directly following the four-helix bundle also align well (Figs. 2  and 4 ). In contrast, the comparably topologically complex manganese catalases (1o9iA and 2cwlA) do not align with mouse RNR R2 (our reference structure; see "Experimental Procedures") outside the four-helix bundle. We can thus conclude that there is an evolutionarily conserved core in the SCOP ribonucleotide reductase-like family that is larger than the fourhelix bundle, implying that the substrate oxidizing proteins have evolved from a more recent common ancestor than the common ancestor of all ferritin-like proteins.
Known Functional Groups Are Recovered in Network and Can Be Further Subdivided-The functional groups we have marked with ellipses ( Fig. 2) are all possible monophyletic groups. Using sequence-based phylogenies (22, 27) , BMMs have been suggested to have evolved by duplication and divergence, leading to distinct di-iron binding catalytic (␣) and nonmetal binding (␤) subunits. Although substrate specificity is generally considered low in BMMs (27), we can identify one distinct subgroup both in the ␣ and ␤ clans containing only proteins annotated as soluble methane monooxygenases (1mhyD B, 1mtyD B, and 1xvbA C for ␣ and ␤ components, respectively), and another subgroup consisting of toluene monooxygenases (2incA B and 3dhgA B). This indicates that our structural analysis is able to recover relatively recent evolutionary relationships in addition to the more distant examples Manually created topological diagrams with an emphasis on the region around the metal coordinating four long helices. These four helices align well between all pairs in our data set. To qualitatively visualize the spatial extent of structural similarity in the more complex proteins, a reference structure was chosen (mouse RNR R2 (1w68A)), and the region that aligned well to this structure is marked with dashed boxes. described above. Indeed, within both clans, we see that the phenol hydroxylase subunits (2inpC A) also appear distinct within this part of the network.
In the Fad group, there is a distinct cluster of plant Fads (2uw1, 1afrA, and 1oqbA), whereas the Mycobacterium tuberculosis protein (1za0A) appears more distantly related. Unfortunately, this is the only solved structure of a bacterial Fad. It is also one of a paralogous pair and not the one considered functional. The structure of the functional Fad has not yet been possible to solve (28) . With such a skewed data set, it is difficult to judge how well our structure-based network identifies evolutionary relationships within the Fad group.
In the better surveyed ribonucleotide reductases, we find good agreement between structure-and sequence-based analyses. Several members of the subclass Ib of RNR R2s have recently been shown to contain a di-manganese center that requires a flavodoxin-like protein (NrdI) to be oxidized (29) . In support of this subclass, solved structures from subclass Ib (3dhzA, 1r2fA, 1uzrA, and 1oquA) form a distinct clan in our network (Fig. 2) , and we independently recover sequence-based phylogenetic support for the existence of a subclass Ib cluster (Fig. 5) , consistent with monophyly despite including sequences from diverse bacterial phyla.
Interestingly, Pfam classifies the R2lox (R2-like ligand-binding oxidase) from M. tuberculosis (3ee4A) as a Ribonuc_ red_sm, possibly because of its sequence similarity to RNR R2 proteins (30) . In our network this structure clearly occupies an outgroup position relative to the RNR R2 structures. This is functionally consistent with its ligand-binding pocket, which indicates that it is a substrate oxidizing enzyme, and its lack of competence as an RNR R2 (30, 31) . Alignments of R2 and R2lox proteins carry too few informative sites for reliable phylogeny. We have therefore not been able to independently verify whether R2lox has evolved from within the R2 clade (which might be expected given the much broader evolutionary distribution of R2 sequences; aerobic RNR sequences are widespread in bacteria and eukaryotes and have been transferred into Archaea (23)) or whether it shares a common ancestor with R2, as suggested by our structure-based analyses (Fig.  2 ). This highlights a potentially important caveat in going from structural phylogeny to evolutionary interpretation; structural divergence could in some cases result in an artifact analogous to the well documented long branch attraction artifact observed in sequence-based phylogenetics (32) , so the same caution should be exercised in interpreting phylogeny based on structure.
DISCUSSION
We show that structure-based phylogenetic analysis can be a robust method to delineate and even discover functionally important protein groups. We recover well known groups of ferritin-like proteins such as RNR R2s, BMMs, Fads, and the three subtypes of ferritins. The exploration of such methods as a complement to high level classification (5-7) is necessitated by the exponential growth of available structural information with a large fraction of structures of unknown function (33) and deserves now to be applied more systematically to larger structural genomics data sets.
Using a phylogenetic network (Fig. 2) enables us to assess the degree to which the signal in protein structure fits an evolutionary tree. Whereas there is some noise (this is essentially true of all phylogenies based on biological data), the data are clearly tree-like. Furthermore, no evolutionary processes-such as protein fusion events-in this data suggest reticulate evolution (hybridization or other non-tree-like evolution). Consequently, we can represent the main features of the network as a bifurcating tree (Fig. 6) to aid interpretation.
A tree naturally inspires an evolutionary interpretation, but to what extent can a three-dimensional alignment distance tree be interpreted as an evolutionary tree? A matrix of pairwise distances will yield a tree or network using distance-based phylogenetic methods, but this does not imply that there is an evolutionary signal in all distance matrices. Much, however, points to this being the case. Trees have been constructed from structural similarity scores previously (8 -10), and structure is generally better conserved than sequence (34) . In addition, given that our network identifies relationships equivalent to those based on functionally delineated groups and sequence-based phylogenies, we conclude that it does likely carry significant evolutionary signal. However, it is important to recognize that this type of analysis may be as prone to artifact as any other analysis used to infer evolutionary history; in light of the inescapable specter of phylogenetic error (35) , what follows below is a cautious evolutionary interpretation of our results.
Ferritins, Bacterioferritins, and Dps Likely Evolved from Common Ancestor-Our results (Figs. 2 and 6 ) strongly support a common ancestry of the 24-meric ferritins and bacterioferritins and the 12-meric Dps proteins. Although these are small and topologically similar, there is no evidence of misclassification in any of these subgroups (indicated with ellipses in Fig. 2) ; all three subgroups are recovered, and other ferritin-like proteins of similarly simple architecture (e.g., the Pfam Rubrerythrin and DUF892 families) are distant from these groups in our network. This indicates that our approach is robust even for small, topologically similar proteins.
Consistent with a common origin for ferritins, bacterioferritins, and Dps proteins, dimerization geometry is common across this group. Although dimer geometry type 3, which all exhibit (Fig. 2) , does not define a clan in the network, function is broadly consistent with common ancestry for this group. Although the primary role of Dps proteins in many organisms seems to be DNA protection, like ferritins and bacterioferritins they are also involved in iron storage (36), suggesting this as a possible ancestral function for the three protein groups. Bacterioferritins and Dps proteins each have a defining feature that strengthens the differentiation within the network. Bacterioferritins differ from standard ferritins in that the former bind heme groups in the interface between subunits (37). The function of the heme groups is not entirely understood but seems connected to the reduction of the ferric precipitate and release of ferrous iron (38) . We therefore suggest that the bacterioferritins diverged from the ferritins following acquisition of heme group binding.
Dps proteins do not have a di-iron-binding site in the standard position inside the four-helix bundle but instead bind metals in the dimer interface. The intersubunit di-iron site appears to be particularly well suited to use hydrogen peroxide as the metal oxidant and confers peroxide tolerance to the organism (39, 40) . Protection against reactive oxygen species is a recurrent functional theme among ferritin-like proteins and a likely ancestral function to the superfamily.
Several structures provide possible clues as to the deeper evolutionary history of the ferritin-bacterioferritin-Dps group. Of particular interest, 2clbA from Sulfolobus solfataricus and 2vzbA from Bacteroides fragilis are possible outgroups of Dps (and possibly of the entire group). Both possess the same type 3 dimerization geometry found across the group, and similar to Dps, both are annotated as 12-mers. Their metal-binding sites are housed within the four-helix bundle, in contrast to Dps proteins (41, 42) . It has been suggested that the S. solfataricus protein (2clbA) may resemble the common ancestor of the ferritin, bacterioferritin, Dps group (24) , something that our network is broadly consistent with in that 2clbA is distinct from all three clans and falls plausibly near the base of this wider clan. There is considerable conflict in this part of the tree, so although an outgroup position is plausible, it is by no means certain. Similarity to an hypothesized ancestral state is appealing. It is noteworthy that this protein is present in both bacteria and archaea; there is of course no way to directly relate extant structures to a now extinct ancestor on available data.
Substrate Oxidation Evolved by Evolutionary Capture of Reactive Di-iron-oxygen Species-The substrate oxidizing proteins (e.g., Fad, RNR R2, and BMM) form a large clan in our network (Figs. 2 and 6 ). Individual members align well with each other both on the N-terminal and the C-terminal side of the four-helix bundle, defining a larger common structural core in the substrate oxidizing proteins (Fig. 6) . Notably, outside the four-helix bundle, none of these protein groups align with the manganese catalases, which are the only proteins outside the substrate-oxidizing group with comparable topological complexity (Fig. 6) .
The existence of a clan supports evolution from a common ancestor. Dimer geometry within the group has diverged however: RNR R2s and BMM ␣ and ␤ components share a common geometry (type 1), but the Fad group is distinct (type 2). Despite this difference, the overall similarities in topology and function across the clan led us to conclude that Fads share a common ancestor with RNR R2s and BMMs. We suggest that this group likely evolved from non-substrate-oxidizing ferritin-like proteins by evolutionary capture of a reactive di-iron-oxygen species. Mutations allowing entry of a substrate near the di-metal site, and ensuing selection for the catalyzed reaction provides a simple and chemically plausible evolutionary model for the emergence of this enzymatic capacity.
Evolution of RNR R2 Proteins and R2lox-The well studied RNR R2 proteins in our network are cofactors required for generation in the large component of RNRs of a transient thiyl radical necessary for reduction of ribonucleotides to deoxyribonucleotides. RNR R2s are structurally closely related and share a common function, indicating evolution from a common ancestor (Figs. 2 and 6 ). Subclass Ia is a di-iron/tyrosyl cofactor, whereas subclass Ib is a dimanganese/tyrosyl cofactor. Subclass Ib forms a clan in the network (3dhzA, 1r2fA, 1uzrA, and 1oquA; Fig. 2 ), a result independently obtained in our sequence-based phylogenetic analyses (Fig. 5) . The agreement between structure-and sequence-based trees is also consistent with the functional division (43, 44) , which is not recognized in existing protein family classifications. Together, these provide strong independent lines of evidence for the presence of fine scale evolutionary signal in protein structure and the distinct evolutionary histories of subclasses Ia and Ib (23, 43) .
Again, deeper evolutionary relationships are identifiable from our analyses, as exemplified by the relationship between RNR R2 proteins, R2lox (3ee4A) and alkane synthetase (2oc5A). We clearly identify a relationship between R2lox and R2 in our network (Fig. 2) , consistent with previous observations of significant sequence similarity between them (45). The R2lox structure differs from R2s in that a fatty acid is bound near the di-iron center (30) . The 2oc5 protein was recently characterized as an aldehyde decarbonylase (46) , and the reaction mechanism was suggested to be an -carbon oxidation of a fatty acid aldehyde bound to coenzyme A (47) . Although sequence similarity between 2oc5 and R2lox/RNR R2 is low (best blast alignment between R2lox and 2oc5 spans only 34 amino acids, 26.5% identity; no significant alignment is detected between mouse RNR R2 (1w68) and 2oc5), our phylogenetic network indicates an evolutionary relationship that provides context for the functional bridge spanning the aldehyde decarbonylase 2oc5, R2lox, and the RNR R2 cofactors.
Structural Evidence That BMM Components Evolved by Gene Duplication-Sequence-based phylogenetic analysis (22) has previously shown that the ␣ and ␤ components of BMM are related via gene duplication. Our network is clearly consistent with this scenario (Fig. 2) . Moreover, there is a short, but distinct, common stem that divides BMMs from the RNR R2 branch, suggesting the BMM components duplicated following divergence from their common ancestor with RNR R2s. We likewise recover signal consistent with the existence of functionally meaningful subclasses within each BMM component clade, suggesting parallel functional diversification following the initial duplication and divergence event generating the ␣ and ␤ subunits. Specifically, the ␣ (1xvbA, 1mhyD, and 1mtyD) and ␤ (1xvbC, 1mhyB, and 1mtyB) subunits of the soluble methane monooxygenases are clearly distinct from the other members of each BMM subunit clade, as are the phenol hydroxylase subunits from Pseudomonas stutzeri (2inpA C). We also observe the same pattern for toluene monooxygenases (2incA B and 3dhgA B from P. stutzeri and P. mendocina). Our results clearly demonstrate that the soluble methane monooxy-genases, phenol hydroxylases, and toluene monooxygenases evolved first by duplication, generating the ␣ and ␤ subunits, then diversification, generating the observed modern enzymatic diversity based on this heterodimeric architecture.
Conclusions-We have explored the potential utility of structure-based phylogeny to bridge the not insignificant gap between sequence-based phylogenies and high level structural classification databases, using the ferritin-like superfamily as a test case. Our results show the existence of two main groups within the ferritin-like protein superfamily, and we find good overall agreement between our broad structural survey, known protein functions and relationships revealed using sequencebased phylogenies. This approach provides sufficient resolution that we can both resolve distant relationships between structurally related proteins, yet still identify more recent evolutionary events identifiable using sequence data. We believe that this approach, based on phylogenetic analysis of threedimensional structural alignments, promises to be useful both for functional and evolutionary categorization beyond the twilight zone of sequence similarity. An achievable goal is the upscaling of this approach to the much larger data sets being generated through genome sequencing and structural genomics, which may help assign uncharacterized sequences and structures into specific families and generate functional leads for downstream experimental analysis. Three-dimensional alignment of a newly solved structure from an uncharacterized protein against all members of the best fitting superfamily followed by phylogenetic analysis would supply a hypothetical family membership, provided a sufficient number of diverse structures from the superfamily were previously solved. The method would also suggest new families or pinpoint areas of potential structural interest when no near neighbors to the new structure are found.
